Time-dependent variations in the brain temperature (T t ) are likely to be caused by fluctuations of cerebral blood flow (CBF) and cerebral metabolic rate of oxidative consumption (CMR O 2 ), both of which are seemingly coupled to alterations in neuronal activity. We combined magnetic resonance, optical imaging, temperature sensing, and electrophysiologic methods in a-chloralose anesthetized rats to obtain multimodal measurements during forepaw stimulation. Localized changes in neuronal activity were colocalized with regional increases in T t (by B0.2%), CBF (by B95%), and CMR O 2 (by B73%). The time-to-peak for T t (42711 secs) was significantly longer than those for CBF and CMR O 2 (572 and 1874 secs, respectively) with a 2-min stimulation. Net heat in the region of interest (ROI) was modeled as being dependent on the sum of heats attributed to changes in CMR O 2 (Q m ) and CBF (Q f ) as well as conductive heat loss from the ROI to neighboring regions (Q c ) and to the environment (Q e ). Although tissue cooling because of Q f and Q c can occur and are enhanced during activation, the net increase in T t corresponded to a large rise in Q m , whereas effects of Q e can be ignored. The results show that T t increases slowly (by B0.11C) during physiologic stimulation in a-chloralose anesthetized rats. Because the potential cooling effect of CBF depends on the temperature of blood entering the brain, T t is mainly affected by CMR O 2 during functional challenges. Implications of these findings for functional studies in awake humans and temperature regulation are discussed.
Introduction
Regulating body temperature is one of the oldest and best conserved physiologic functions that developed early in evolution, which subsequently led to homeothermic existence (Nadel, 2003) . Specific areas in the brain (e.g., hypothalamus) contain the main temperature sensors (Gü ler et al, 2002; Nadel, 2003; Nagashima et al, 2000 , Voets et al, 2004 and also serve as the processing unit for thermal regulation of the whole body (Benzinger, 1969; Boulant, 1998) . In certain pathophysiologic states that affect the body (e.g., cardiac arrest with successful resuscitation) or the central nervous system (e.g., traumatic brain injury or stroke), temperature is a main prognostic marker (Ginsberg and Busto, 1998; Thompson et al, 2003a, b; Yager et al, 2004) . The focus of therapeutic research for treating these conditions involves maintaining brain temperature: either preserving within the normal range (Thompson et al, 2003a) or cooling below the normal level (Gluckman et al, 2005) .
Because temperature changes have profound effects on cellular function and integrity, regulation of the brain temperature is an important function of the central nervous system (Baker, 1979) . Alterations in cerebral metabolic rate of oxygen consumption ðCMR O 2 Þ and cerebral blood flow (CBF), both of which are assumed to be correlated with variations in neuronal activity (Shulman et al, 2004) , can cause changes in brain tissue temperature (T t ). The magnitudes of increases in CMR O 2 and CBF within an activated region are not proportional (Hyder, 2004a) . In most cases, the CBF increase is slightly greater than actually needed to support the rise in CMR O 2 ; (for a recent review, see, Shulman et al, 2001) . This mismatch between CMR O 2 and CBF leads to focal hyperemia, which is manifested as a rise in hemoglobin saturation on the venous end of the capillary bed (Hyder, 2004a, b) and is the basis of the blood oxygenation level-dependent (BOLD) effect (Ogawa et al, 1993) . Because localized changes in CMR O 2 and CBF have been detected with sensory stimulation in anesthetized rats (Hyder, 2004b) , we hypothesize that localized changes in T t can also be measured under similar conditions. However, the magnitude of change in T t -which may be large, small, positive, or negative-is intricately linked to the magnitude of CBF increase versus CMR O 2 increase. Although changes in CBF and CMR O 2 are well correlated over a wide range of brain activity (Hyder, 2004a, b) , no consensus exists about a precise link between changes in T t , CBF, and CMR O 2 during functional brain activation. The motivation, therefore, was to establish a quantitative understanding about regional temperature changes in the brain during stimulation. The goals of the current study were to obtain quantitative and dynamic multimodal measurements (T t , CBF, CMR O 2 , and neuronal activity) during sensory stimulation and then use these measurements to understand regional dynamics in temperature, which might be of interest for further insights into the BOLD effect.
This study is the first to use multimodal neurophysiologic acquisitions (by combining magnetic resonance imaging (MRI), optical imaging, temperature sensing, and electrophysiologic methods in an anesthetized rat model) to relate quantitatively dynamic changes in temperature to alterations in metabolism and blood flow. A model was constructed that relied on transfer of different heat components that can transiently affect temperature in a region of interest (ROI). Our results show that a slow stimulation-induced rise in T t within the ROI is mainly impacted by competing effects of cooling and warming because of changes in CBF and CMR O 2 , respectively. In addition, the temperature of arterial blood (or the core) and resting values of oxidative metabolism are vital in regulating T t under normal conditions.
Theory
The net heat (Q net ) in the ROI can be modeled to depend on the sum of four components (Pennes, 1948) : heats assigned to changes in CMR O 2 (Q m ) and CBF (Q f ) as well as conductive heat loss from the ROI to neighboring regions (Q c ) and dissipative heat loss from the ROI to the environment (Q e ).
The first three components reflect stimulationinduced changes in heat (Figure 1 ), whereas the last component is a fixed factor, which does not directly modulate T t during brain activation. In equation (1) DH o and DH b are the enthalpies of oxidative phosphorylation and oxygen release from hemoglobin, respectively; r b and r t are the densities of blood and tissue, respectively; C b and C t are the specific heat capacities of blood and tissue, respectively; V is the spherical volume of the ROI; T a and T v (t) are the arterial and venous temperatures of blood entering and leaving the ROI, respectively, where the former can be assumed to be time-invariant; T i (t) and T o are the brain tissue temperatures inside and outside the ROI, respectively, where the former is equivalent to the measured dynamic temperature, T t (t), and the latter can be assumed to be time-invariant being equal to the brain tissue temperature inside the ROI for baseline conditions; t is the time-constant for conductive heat loss from the ROI to the surrounding tissue, which is equal to r t VC t /(hA) where h and A are the convection heat transfer coefficient and surface area of the spherical ROI, respectively. In equation (1a) and (1b) Q m and Q f can be adjusted for the tissue mass of the ROI. In equation (1c) and (1d) Q c and Q e both describe conductive heat loss within brain tissue. Q c is the component that varies as a result of the temperature difference between the ROI and its surrounding, whereas Q e Figure 1 Illustration of the heat transfer model. The region of interest (ROI) and the surrounding tissue, in thermal contact with each other, have different temperatures (i.e., T i and T o , respectively) both of which can be measured. The arterial temperature (T a ) was directly measured from the blood temperature in the aortic arch (T b ) and the venous temperature (T v ) was assumed to be equal to the tissue temperature (T t ). Heat in the ROI can be lost to the surrounding tissue (Q c ) or the environment (Q e ). The dominant factors for modulating heat in the ROI are tissue metabolism (Q m ) and blood flow (Q f ). results from the temperature difference between brain and ambient air. We chose to separate Q c and Q e because the former is a physiologic effect due to temperature difference between active and inactive tissue and varies over time, whereas the latter is a constant factor caused in part by the experimental procedure. Q c describes heat transfer between active and inactive tissue irrespective of whether the skull is intact or not, and Q e is likely to be insignificant in both cases. The scalar lumped parameter model of equation (1c), which includes convective exchange of the ROI with its surrounding (Shitzer and Kleiner, 1980) , does not permit estimation of temperature gradients. The fixed value of Q e in equation (1d) is dependent on the temperature difference between the ambient air and the skull-tissue interface. A maximum estimate of this factor can be obtained from the heats assigned to resting values of CMR O 2 (Q m,o ) and CBF (Q f,o ). Because the net heat for the ROI (Q net ) is related to the specific heat capacity of brain tissue (C t ) and the time derivative of T t (dT t /dt), the temperature change (DT t ) is given by
where the time integral in equation (2) is dependent on the time interval over which DT t is desired. The blood volume of cerebral microcirculation is small (Craigie, 1945; Boulpaep, 2003) and arterio-venous temperature differences are also intrinsically small under normal conditions (He et al, 2003) . Therefore, equation (2) assumes that the heat content of blood would contribute negligibly to T t , but this condition may need to be relaxed under pathophysiology (Hayashi, 2004) . Furthermore DT t in equation (2) is related to changes in different heat components (equation (1)), where inherent impacts from Q m (i.e., CMR O 2 ) and Q f (i.e., CBF) may originate from a variety of mechanisms, for example, induced by anesthesia (Shulman et al, 1999) or break in autoregulation (Hernandez et al, 1978) .
Materials and methods

Animal Preparation
All experiments were conducted on Sprague-Dawley rats (male; 200 to 360 g; Charles River, Wilmington, MA, USA). The rats were anesthetized with B1% halothane and 70%/30% N 2 O/O 2 during all other surgical procedures. To prevent heat loss to the environment from the body as well as N 2 O-induced hypothermia (Quock et al, 1987) , the body warmth was maintained constant with a temperaturecontrolled water blanket. A femoral artery was cannulated to withdraw blood samples for blood gas analysis and to monitor blood pressure (BP). A femoral vein was cannulated for infusion of iron oxide contrast agent (AMI-227, Advance Magnetics, Cambridge, MA, USA) for measuring relative changes in cerebral blood volume (CBV) with MRI (Kida et al, 2000) . Intraperitoneal catheters were placed in the abdomen for administration of drugs. Two subcutaneously placed copper needles were inserted into the contralateral forepaw and all snout whiskers were shaved to avoid contaminating somatosensory signals. Stimuli were provided (S88, Grass Instruments, Quincy, MA, USA) in conjunction with an isolation unit (A360, WPI, Sarasota, FL, USA) using electrical impulses of 0.3 ms duration and 2 mA amplitude with 3 Hz frequency. The scalp was retracted and removed to expose the bregma. After all procedures (see below), halothane was discontinued and anesthesia was maintained with intraperitoneal injections of a-chloralose (B40 mg/kg h) and the rats were immobilized with intraperitoneal injections of Dtubocurarine chloride (B0.3 mg/kg h). Ventilation parameters were adjusted to maintain normal physiology.
Preparation for multimodal MRI experiments (n ¼ 6):
The skull was cleaned of all tissues and a layer of Saran Wrap was placed over the wound for subsequent placement of the radio-frequency surface coil above the bregma. The rat's head was secured with a stereotaxic-like holder and tightly fixed by foam cushions around the head to minimize motion artifacts and to provide insulation. The rat was placed prone in a cradle, which held the radio-frequency coil and then inserted into the magnet for a functional MRI (fMRI) scan (see below). The ambient (magnet bore) temperature was kept constant.
Preparation for dynamic recordings with a multisensor probe (n ¼ 41): The rat was placed on a vibrationfree stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA) inside a Faraday cage. The skull over the somatosensory cortex (4.4 mm lateral, 1.0 mm anterior, with respect to the bregma), guided by fMRI experiments, was thinned to expose the dura for B1 Â 1 mm 2 square area. After placement of the multisensor probe to layer 4 (see below) cotton swabs were placed above the rat's head to provide insulation to minimize heat loss through the skull. The room temperature was kept constant. Dynamic multimodal measurements were made during somatosensory stimulation (n ¼ 29). In addition, blood temperature (n ¼ 6) and rate of temperature decay (n ¼ 6) were measured in two separate groups of rats. The blood temperature (T b ) was measured from the aortic arch. An incision was made and the carotid artery was exposed to insert the probe near the branches of the subclavian arteries. The incision was sutured to stabilize the probe. The time-constant (t) was measured using the rate of brain temperature decay extracted from the point of isoelectricity (i.e., euthanasia induced by KCl injection to the heart) to the point when the brain's temperature equilibrated with the ambient temperature.
Measurements of CBF and CMR O2 with Multimodal MRI
All MRI data were collected on a 7.0 T Bruker (Billerica, MA, USA) horizontal-bore spectrometer with a homo-geneous transmit and local receive 1 H radio-frequency coil. Blood oxygenation level-dependent weighted images were acquired with spin echo fMRI (Hyder et al, 2000a) . Quantitative CBF (absolute and fractional changes) data were measured by arterial spin labeling technique (Hyder et al, 2000b) . Quantitative changes in CBV were measured by AMI-227 (Advanced Magnetics Inc., Cambridge, MA, USA), which is a plasma-borne MRI contrast agent (Kida et al, 2000) . Stimulation-induced changes in BOLD, CBF, and CBV were obtained with sequentially sampled echo-planar imaging (EPI) data (Hyder et al, 1995) : 32 Â 32; in-plane resolution of 430 Â 430 mm 2 ; slice thickness of 1,000 mm; repetition delay of 8 secs per slice; and (spin echo) echo time of 40 ms. The BOLD and CBF data were acquired in an interleaved manner, where the CBF data were quantified with slice-selective and non slice-selective inversionrecovery weighted EPI data using three inversion recovery times ranging from 600 to 1,900 ms (Hyder et al, 2000b) . All other details of BOLD and CBF imaging are described elsewhere (Hyder et al, 2000a) . After completing the BOLD and CBF measurements, the MRI contrast agent (1 mL, 2.2 mg/kg) was infused and another set of BOLD data were acquired, which were used in conjunction with prior BOLD measurements to estimate quantitative changes in CBV (Kida et al, 2000) . Changes in CMR O2 were calculated with calibrated fMRI using multimodal MRI measurements of changes in BOLD signal (DS/S), blood flow (DCBF/CBF), and blood volume (DCBV/CBV) from the relationship originally described by Ogawa et al (1993) :
In equation (3) the value of a(0.470.1) was based on the validation of calibrated fMRI at 7.0 T by comparison of predicted and measured values of DCMR O2 =CMR O2 (Hyder, 2004a ) by 13 C magnetic resonance spectroscopy (MRS). We assumed that the different experimental runs for BOLD, CBF, and CBV data produced reproducible changes in neuronal activity (per subject).
Dynamic Recordings with a Multisensor Probe
To measure electrical activity, blood flow, tissue oxygen partial pressure, and temperature simultaneously, a multisensor probe was custom-designed, which can only be used in an open-skull setting. It combined a high impedance (2 MO) tungsten microelectrode (FHC, Bowdoinham, ME, USA) that was used to measure extracellular activities of a small neuronal ensemble (Hetherington and Swindale, 1999) with a triple-sensor device (250 mm diameter; Oxylite, Oxford Optronix, UK). The tungsten electrode was glued to the side of a needle shaft (30G; Terumo, Tokyo, Japan), which contained the Oxylite triple-sensor device. The triple-sensor device was thus isolated from the electrode. The triple-sensor probe included a copper-constantan thermocouple probe (Miyazawa and Hossmann, 1992) , a laser-Doppler probe (830 nm) sensitive to red blood cell flow (Wadhwani and Rapoport, 1988) , and a phosphorescence luminescence probe (485/600 nm) sensitive to tissue oxygenation (Vinogradov and Wilson, 1997) . Separate grounds were used for the thermocouple wire and electrodes and the exposed probe tips were physically isolated. The multisensor probe was placed in a stereotaxic holder (Plastic One, Roanoke, VA, USA) and inserted to layer 4. All simultaneously acquired signals were amplified and filtered before digitization (m-1401, CED, Cambridge, UK). Specific acquisition details of the extracellular electrical signals are described elsewhere (Hyder, 2004b) . In brief, the raw extracellular electrical data were separated into slow (field potentials) and fast (action potentials) oscillations. The latter signal was used to obtain spiking frequency (n) of a neuronal ensemble by sorting for spike shapes as previously described . The electrical activity was used to guide placement of the other probes, that is, data acquisition for other sensors was not started if no stimulus-induced changes in electrical activity were detected. By this approach, we avoided including multisensor measurements from nonactive regions. The dynamic changes in temperature, perfusion, and oxygenation were continuously measured with the triple-sensor device, which had a sensitive volume of approximately 0.05 mL around the tip, in an undersampled manner (0.5-2 Hz) for high signal-to-noise ratio (SNR). Since the probe tip behaves as a point source, the sensitive volume of the device was approximated to be spherical. Thus, there was a small volume difference between the sphere sampled by the multisensor probe and the MRI voxel. Because the activated volume spans across several cortical layers (Ueki et al, 1988 ) and there may be slight disparities between the centers-of-mass of the sphere and the voxel, the partial volume effect will be partly homogenized and therefore cannot be readily unscrambled. This type of partial volume effect differs from the overlap between multiple functional domains (Erinjeri and Woolsey, 2002) where the heterogeneous mixing of activated columns may be separated based on some prior anatomical information.
The laser-Doppler probe was used as a relative technique where the signal fluctuations provided a dynamic measure of CBF changes (410%). The luminescence probe provided quantitative values of oxygenation (70.1 mm Hg). We assumed that the dynamics of tissue oxygen partial pressure represented the slowest dynamic measure of CMR O2 changes (Ances et al, 2000) . The thermocouple wire provided absolute temperature values (70.011C). Results from different animals were averaged (mean7standard deviation) and time-to-peak was defined as 90% of maximum (or minimum). The fractional change in each measured parameter was calculated as the difference between the averages of the 30 secs period before stimulation and the 30 secs period after the signal reached its peak during stimulation.
Modeling Dynamic Changes in T t
In equation (1a), the values of DH o and DH b were þ 470 kJ/ mol (Siesjö , 1978; Yablonskiy et al, 2000) and À28 kJ/mol (Ackers et al, 1992; Mills et al, 1976) , respectively. Enthalpies are not appreciably impacted by small tissue temperature variations (Woods and Lawrence, 1997) , either spatially or temporally. Thus, the dominant parameter affecting Q m was CMR O2 .
In equation (1b), the values of r b and C b were 1.06 g/mL and 3.894 J/g K, respectively (Collins et al, 2004; Holdcroft, 1980; Incropera and DeWitt, 2002) . The arterial blood temperature (T a ) can be assumed to be equal to the temperature of blood entering the brain (T b ). A measure of T b can be used to reflect a time-independent measure of T a with the assumption that no heat is lost within the main arterial network delivering blood to the brain. Similarly the temperature of venous blood (T v ) can be assumed to be equal to the temperature of brain tissue (T t ). Timedependent variations in T t may be used to reflect dynamic changes in T v with the assumption that the brain tissue compartment is in rapid thermal exchange with venous blood. The assumption that blood flowing out of the ROI leaves at the same temperature as the tissue is suitable because of the high water diffusivity coefficient and extensive fluid exchange between blood and tissue at the capillary level. Therefore, the term T a -T v (t) in equation (1b) is actually equivalent to T b -T t (t), which can be measured. T b was directly measured from the aortic arch (n ¼ 6) for the current experimental conditions (see above) and generally its value was within 0.021C70.011C of the measured tissue temperature for the baseline condition (T t,o ).
In equation (1c), the values of r t and C t were 1.04 g/mL and 3.664 J/g K, respectively (Collins et al, 2004; Swan, 1974; Woods and Lawrence, 1997) , whereas V reflected a sphere with 0.5 mm diameter. For a small ROI with randomly oriented capillaries (diameter o5 mm), an embedded assumption is that temperature within the ROI is homogenous. Because the ROI was approximately the same volume as the sensitive volume of the multisensor probe, the device itself would have no impact on the temperature value and a comparatively simple 'lumped capacitance method' can be used to determine time variations of temperature. Thus, time-dependent temperature variations inside the ROI (T i ) are actually the same as the dynamic changes measured in this experiment (T t ). Furthermore, the measured brain tissue temperature under the baseline condition (T t,o ) is equivalent to the brain tissue temperature outside the ROI (T o ) using the assumption of negligible heterogeneity across adjacent cortical layers, which span a few hundred mm. Therefore, the term T o -T i (t) in equation (1c) is actually equivalent to T t,o -T t (t), which can be measured. Because the tissue temperature was altered in the ROI during stimulation, there was heat loss from the ROI to the surrounding tissue using the assumption that the regional temperature variations under baseline conditions are small in comparison to the stimulation-induced changes. The values of A and h were needed to calculate t, where A was the surface area of the sphere and h was 10 J/m 2 s K in the calculations (van Leeuwen et al, 2000; Liu, 2001; Shitzer and Kleiner, 1980) . Varying h by an order of magnitude had little impact on Q c . The value of t can also be measured if the rate of heat loss is measured when the rat has been euthanized. The value of t was estimated by measuring the rate of temperature decay from the point of isoelectricity to the point when the brain's temperature equilibrated with ambient temperature (n ¼ 6). Both calculated and measured values of t were longer than the baseline and stimulation periods.
In equation (1d), the heat loss from the brain through the hole or other parts of the skull to the environment (Q e ) was assumed to be small and unaltered between stimulation and baseline periods, because the skull opening was closed and the probe itself was thermally isolated. More importantly this heat loss is constant over each experimental run because there is a large temperature gradient between the ambient air and the skull-tissue interface. Thus, the temperature fluctuations inside the brain will not greatly impact the rate of heat loss to the environment over time. Thus Q e was fixed at -(Q m,o þ Q f,o ) for all conditions. Baseline values of blood flow (i.e., CBF o ¼ 0.55 70.14 mL/g min) and oxidative metabolism (i.e., CMR O2;o ¼ 1:58 AE 0:46 mmol/g/min) were used for modeling, where the former was measured (by MRI) in this study and the latter was based on prior measurements (by MRS) in rat brain (Hyder, 2004b) . A baseline value of 0.021 C70.011C was measured for the arterio-venous temperature difference (i.e., T a -T v,o T b -T t,o ). These values gave a calculated Q e value of 0.01470.004 J/sec. In addition, Q e was measured (0.01570.007 J/sec) from the euthanasia experiment (see above) because Q m ¼ Q f ¼ 0 under these conditions.
The inputs to the model (equation (1); Figure 1) were measured values of CBF(t), CMR O2 ðtÞ, T b , and T t,o . To improve the agreement between measured and predicted, values of DT t in equation (2) for a given experimental run were iterated until errors, as determined by least-squares fitting, were minimized (Simulink, Mathworks, Natick, MA, USA).
Results
The stimulation-induced increases in spiking frequency of a small neuronal ensemble (n) in the ROI of the contralateral somatosensory cortex were colocalized with increases in BOLD, CBV, CBF, CMR O 2 , and T t (Table 1) . This multiparametric approach excluded a closed-skull technique, for example, as used by Brugge et al (1995) , to selectively measure brain temperature. To account for convective heat loss through the small opening in the skull, we introduced the term Q e (see Theory), which was also measured (see Materials and methods). In the current study, the stimulus duration was long (2 mins) so that oscillations in the range of 0.1 to 1 Hz for CBF (or CMR O 2 ), which can be induced by deep anesthesia or low blood pressure (Jones et al, 1995) , would not influence the T t measurements. Because systemic physiology was controlled and maintained within normal limits (pH E7.32 to 7.38; pCO 2 E34 to 38 mm Hg; pO 2 4100 mm Hg; BP E87 to 114 mm Hg) throughout all measurements, saturation and hematocrit of arterial blood were normal. These procedures allowed reproducibility of stimulus-induced responses per subject without significant changes in BP.
The magnitude of changes in CBF and CMR O 2 were measured by multimodal MRI, whereas the dynamics were measured by laser-Doppler flowmetry and fluorescence quenching probes, which measure tissue perfusion and oxygenation, respectively. These changes in CBF and CMR O 2 are in agreement with prior results of the same model . Figure 2 shows that the increases in n, CBF, CMR O 2 , and T t were 81%735% (Po0.06), 95%723% (Po0.01), 73%732% (Po0.02), 0.2% 70.1% (Po0.09), respectively. The time-to-peak for the change in n, CBF, CMR O 2 , and T t were 1176, 572, 1874, and 42711 secs, respectively. Although the time courses of n, CBF, CMR O 2 , and T t all declined after stimulation offset (Figure 2) , the changes in T t required 41 minute to reach prestimulation baseline levels ( Figure 2D ). Although the average increase in T t was small ( Figure 3A) , the B0.11C rise in the ROI was statistically significant, with maximum and minimum values of þ 0.251C and À0.021C ( Figure 3B) .
The fits of the model to the experimental results are shown in Figure 4 . The most dominant components contributing to changes in Q net were Q m and Q f (Figure 4A) , where the tissue warming effect from DCMR O 2 (equation (1a)) was higher in magnitude (approximately by Â 2) than the cooling effect from DCBF (equation (1b) ). The time-to-peak for the changes in Q m and Q f were offset by B1 min where the tissue cooling effect (by DCBF) was significantly delayed. The Q m time course showed a rapid decline after stimulation offset (B20 secs), whereas Q f required longer time (B45 secs) to reach prestimula- Figure 2 Multimodal neurophysiologic data. In a-chloralose anesthetized rats during forepaw stimulation changes in (A) spiking frequency of a neuronal ensemble (n) were colocalized with alterations in (B) blood flow (CBF), (C) oxidative metabolism ðCMR O2 Þ; and (D) brain tissue temperature (T t ). The changes in n (A) were measured by electrophysiologic methods. The changes in CBF (B) were measured by MRI and laser-Doppler for the magnitude and dynamics, respectively. The changes in CMR O2 (C) were measured by MRI and phosphorescence luminescence for the magnitude and dynamics, respectively. The changes in T t (D) were measured by the thermocouple wire. While T t increased by only B0.2% in the ROI, the other parameters increased considerably more (DCBF%E95%; DCMR O2 % % 73%; and Dn%E81%). Data represent mean7standard deviation of all experiments. The table shows stimulation-induced changes in BOLD, CBF, CBV, CMR O 2 ; n, and T t , respectively. The changes in CMR O 2 were determined from Equation (3). The MRI data were averaged from an ROI of 1 Â 1 voxel in the contralateral forepaw region which were superimposed over the ROI for the recordings with the multi-sensor probe. The measured baseline values of CBF and n were 0.5470.14 mL g À1 min À1 and 6.672.4 Hz, respectively. The baseline value of CMR O 2 (1.6670.36 mmol g À1 min À1 ) was based on prior CBF À CMR O 2 measurements . Data were averaged across all rats (mean7standard deviation; n ¼ 6 for BOLD, CBF, CBV, and CMR O 2 ; n ¼ 29 for n and T t ). Student's t-test with two samples assuming unequal variances (one-tail) was used for comparing mean values.
Understanding localized temperature dynamics in brain HKF Trübel et al tion baseline levels. The least dominant component contributing to changes in Q net within the ROI was Q c (Figure 4B ). Although the time course of conductive heat loss from the ROI (equation (1c)) was similar to that of tissue cooling (by DCBF), the magnitude of change in Q c was much smaller (approximately by Â 25). The Q c time course showed a slow recovery after stimulation offset (445 secs). The time-to-peak for the change in Q net was approximately similar to that for Q m (B20 secs), and a slow decline followed after reaching the peak indicating tissue cooling from contributions of Q f and Q c . The Q net time course showed a drop below the prestimulation baseline levels after stimulation offset because of cooling from the combined effects of Q f and Q c , both requiring B1 minute after stimulation offset to plateau. The Q net time course was then used (equation (2)) to model the dynamics of DT t (Figure 4D ), where the model predictions (black) were in close agreement with measured values (gray).
To understand some intricacies of the model, some simulation results are shown in Table 2 . Effects of CMR O 2 ;o =CBF o and T b -T t,o provided some new insights about temperature regulation. The effect of T b -T t,o on the magnitude of DT t suggests that the temperature of arterial blood (or the core) impacted the cooling efficiency of the brain. The CMR O 2 ;o =CBF o ratio had drastically different effects both on the magnitude and dynamics of DT t . It took longer for the tissue to warm (or cool) as the metabolism rate increased and the magnitude of DT t was higher when the resting metabolism rate was high. While the importance of CBF o and DCMR O 2 %=DCBF% ratio are obvious, these simulation results reveal the importance of resting metabolic rate and the core temperature for regulating brain temperature. 
Discussion
In the current study, the temperature measurements were supported by other multimodal measurements with a specific focus towards understanding their interactions while modulating temperature in the brain (Figure 1) . Stimulation-induced changes in CBF (1.070.2) and CMR O 2 (0.770.3) or the ratio of DCMR O 2 %DCBF% (0.770.3) were much larger than the increase in T t and reached peak values much faster than T t (Figures 2-4 ; Tables 1 and 2 ). Because temperature varies as a consequence of the time integral of heat transfer to or from the ROI (equation (2)), T t in an active region increases far more slowly than either CMR O 2 or CBF and remains elevated even after CMR O 2 or CBF returns to pre-stimulation baseline levels. Quantitative changes in CMR O 2 and CBF were measured by multimodal MRI (Hyder, 2004a, b) in a neuroimaging format, where magnitudes of each parameter were analyzed for voxels located in the middle cortical layers, including layer 4. A maximum 10% error was estimated for the range of CBF values in this study (Hyder et al, 2000b) . The changes in CMR O 2 with calibrated fMRI, as shown by equation (3), which is the original BOLD model (Ogawa et al, 1993) , had been tested to an accuracy of about 80% (Kida et al, 2000) . Dynamic changes in CMR O 2 and CBF were assumed from the optical measurements: a phosphorescence luminescence probe that senses oxygenation by quenching of a dye (Vinogradov and Wilson, 1997) and a laser-Doppler probe, which detects perfusion from moving red blood cells (Wadhwani and Rapoport, 1988) , respectively. Both of these methods have relatively high SNR for relative changes in tissue oxygenation and perfusion (Nwaigwe et al, 2000) .
The small stimulation-induced changes in brain temperature (B0.11C) were reproducibly measured because the copper-constantan thermocouple wire (Thulin, 1969) has good accuracy (70.011C) in the physiologic range (Boudry, 1976) . The current temperature measurements from the brain are in accord with previous functional studies in the human (Gorbach et al, 2003), cat (McElligott and Melzack and Casey, 1967; Serota and Gerard, 1938) , and rat (LaManna et al, 1989; Shevelev and Tsicalov, 1997) . In contrast temperature changes during seizure activity (Trü bel et al, 2004) or hypoxic challenge (LaManna et al, 1989) are much larger. Furthermore, even larger changes in the brain temperature have been reported during alterations in behavior, for example, arousal from sleep (Baker and Hayward, 1967; Baker et al, 1973; Baker, 1979) , after feeding (Abrams et al, 1965; Delgado and Hanai, 1966) , or provoked by sex or drug (Kiyatkin and Brown, 2003; Kiyatkin and Mitchum, 2003) .
The current results are, however, not in agreement with a human study, which showed that T t decreases by B0.21C with visual stimulation (Yablonskiy et al, 2000) . Changes in CBF and CMR O 2 were not measured in that study and a very low DCMR O 2 %=DCBF% ratio was assumed and a water-based 1 H MRS method was used to infer temperature changes. A recent study (Collins et al, 2004) simulating local temperature changes in the human brain, where particular attention was given to test a wide range of parameter values (e.g., CBF o , CMR O 2 ;o ; T b , DCMR O 2 %=DCBF%), suggest that stimulationinduced changes in T t for the human brain can range from À0.031C to þ 0.101C for different activated foci. Simulations with the current model suggest that this scenario could be possible in the (1) and solving for DT t . The dynamics of changes in CMR O 2 ðtÞ and CBF(t) were assessed from prior (or current) experimental results and the values for time-to-peak (i.e., 90% of maximum) were 20 and 5 secs, respectively, with single exponential curves.
rat if the core temperature was much cooler than the brain temperature. Future experiments can be conducted with larger arterio-venous temperature differences in rat to test this likelihood, which can be achieved by either whole body cooling (Bernard et al, 2002; Flores-Maldonado et al, 2001) or selective brain cooling (Thoresen et al, 2001; Trü bel et al, 2004) . However, these studies would reveal temperature regulation for the brain under pathophysiology.
In this study, the changes in CMR O 2 measured ( Figure 2C ) and modeled ( Figure 4A ) pertain to glucose oxidation (CMR glc(ox) ) because fMRI was calibrated (equation (3)) with 13 C MRS measurements of oxidative metabolism of glucose (Kida et al, 2000; Hyder et al, 2001) . However, total glucose consumption (CMR glc ) includes an additional nonoxidative component (CMR glc(non-ox) )
and the oxygen-to-glucose index (OGI)
is a convenient way of determining the degree of oxidative versus nonoxidative glucose breakdown.
Because it is well known that OGI ranges from 4.0 (e.g., seizure stimulation) to 5.5 (e.g., awake rest), the measurements of CMR glc and CMR O 2 by different methods (Shulman et al, 2001) indicate that some extra glucose is metabolized nonoxidatively. Because the stoichiometry between glucose oxidation (CMR glc(ox) ) and oxygen metabolism (CMR O 2 ) is 1:6, it can be shown that for the OGI range measured in vivo the stoichiometry between nonoxidative glucose consumption (CMR glc(non-ox) ) and oxygen consumption (CMR O 2 ) is about 0.091:6 to 0.5:6. In other words, nonoxidative glucose consumption probably contributes as little as 1.5% (i.e., awake rest) or as much as 8.3% (i.e., seizure stimulation) to total glucose consumption. Because ATP yield from nonoxidative glucose consumption is approxiamately 20 times less than that from oxidative glucose consumption (Siesjö , 1978) , the metabolic heat component contributing to temperature changes is almost exclusively from glucose oxidation for the OGI range measured in vivo.
The dynamic measurements of blood flow, oxidative metabolism, and temperature enabled a heat transfer model (Figure 1) to be tested using the bioheat formalism (equations (1) and (2)), originally described by Pennes (1948) . Some of the assumptions (Theory; Materials and methods) may be relaxed if temperature was quantitatively mapped throughout the brain (Gorbach et al, 2003; Shevelev et al, 1993) . However, being able to measure the multimodal parameters associated with temperature changes in the same regions is important for future studies. A variety of MRS methods can noninvasively map temperature in different regions of the brain (Germain et al, 2001; Li et al, 2001; de Poorter et al, 1995) . Because temperature sensitivity of these methods are low and calibrations are problematic (e.g., dependence on tissue perfusion and tissue types), an alternative 1 H MRS approach has been proposed specifically for the brain (Trü bel et al, 2003) , which is far more sensitive because the method relies on large chemical shift changes of a thermometric sensor, infused through the blood, for monitoring absolute temperature (and pH) in rat brain in vivo. Future temperature mapping studies with this MRS method may be useful for understanding temperature dynamics across different brain regions.
It is of interest to note that regional brain temperature changes in an activated area are rather small and mostly positive (Figure 3 ). Qualitatively this suggests that the magnitude of mismatch between changes in CBF and CMR O 2 is small (Table  1 ; Figures 2B and 2C) , which in turn has implications for BOLD. However, a quantitative understanding about regional temperature changes in the brain activation was established from our multimodal measurements of T t , CBF, and CMR O 2 . The small increase in T t can be attributed to a small mismatch between changes in CBF and CMR O 2 . These results also suggest that temperature is being tightly regulated during increased CMR O 2 and provides an indirect explanation for the commensurate (albeit higher) increase in CBF during functional activation. However, future studies on brain temperature regulation should measure T t in a neuroimaging format and relate it with CMR O 2 and CBF mapping.
Conclusion
Stimulation-induced dynamics of T t were modeled using measured alterations in blood flow and oxidative metabolism. Three main factors contributed to DT t (t) during brain activation: Q m , Q f , and Q c . The increases in T t were matched by large increases in Q m , which warmed the ROI. While cooling of the ROI because of Q f and Q c were enhanced during the stimulation period, the net effects of all these components was a small increase in temperature. However, temperature of the arterial blood (or the core) and baseline oxidative metabolism could also impact the efficiency of brain cooling, and therefore changes in T t .
